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FORMATION OF SMALL  VACANCY CLUSTERS IN TUNGSTEN AROUND S ILVER AND 
INDIUM IMPURIT IES  STUDIED BY PAC AND THDS 
K. Pos t  I, F. P le i te r  1, G. J .  van  der  Ko lk  2, A. van  Veen 2 , 
L .M.  Caspers  2, and  J .Th .M.  de Hosson  3 
i Laboratorium voor Algemene Natuurkunde, Materials Science Centre, University of 
Groningen, The Netherlands 
2 Delft Universlty/ Interuniversity Reactor Institute, Delft, The Netherlands 
3 Department of Applied Physics, Materials Science Centre, University of Groningen, 
The Netherlands 
Vacancy clustering at Ag and In impurities in W was investigated combining 
Thermal Helium Desorption Spectrometry (THDS) and Perturbed Angular Correlation 
(PAC) measurements. The results of these experiments are compared with each 
other and with those obtained from Monte Carlo calculations. 
I. Resu l t s  of PAC measuremeJltS 
Almost  per fec t ly  (100) o r iented  po lycrys ta l l ine  fo i l s  of W were  
imp lanted  at  room temperature  w i th  25 keV and  710 keV l l IAg  and  111 In  
ions,  at  a dose  of 2•  2 or  less .  The  samples  were  annea led  fo r  
15 min  in vacuum at  s tep-w ise  increas ing  temperatures ,  and  s tud ied  by  
PAC a f te r  each  step.  F rom these  measurements  in fo rmat ion  was  obta ined  
about  the  symmetry  o f  each  la t t i ce  de fect  t rapped at  the  impur i ty  atom,  
and  the  number  of  de fects  as a funct ion  of  annea l ing  temperature .  For  
deta i l s  o f  the  method,  see ref .  [I] and  re ferences  quoted  there in .  
Apar t  f rom subst i tu t iona l  impur i t ies ,  i .e.  a toms w i th  no de fects  
w i th in  I l a t t i ce  un i t  (LU) , 3 d i f fe rent  impur i ty -de fect  conf igurat ions  
were  d i s t ingu ished .  The  cor respond ing  f rac t ions  a re  shown in f ig.  I. 
For  111 InW the resu l t s  agree  w i th  those  obta ined  by  PHtz  et  al .  [2]. 
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Fig. I. Annealing behaviour of defects in W, observed in PAC measurements on samples 
III Iii implanted with Ag and In, respectively. Corresponding hyperfine parameters are 
indicated on the left-hand side. Assigned impurity-vacancy clusters are given on the 
right hand side. Annealing time was 15 min. 
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Fig. 2. Proposed impurity-vacancy 
configurations: (A) IV2. (B) IV 3 and 
(C) IVs. 
TO fac i l i tate  the compar ison between PAC and THDS results,  the tempe- 
rature scale of fig. I is renormal i zed  accord ing  to the annea l ing  con- 
d i t ions  in the THDS exper iments.  The latter  (see sec. 2) c lear ly  show 
vacancy mob i l i ty  at about  800 K (stage III). Therefore,  the format ion 
and break-up  of defects  observed by PAC in this temperature  region 
have to be assoc iated  with t rapping and det rapp ing  of vacancies.  Ac- 
cord ing to THDS vacancy- type  traps in W pers is t  up to 1400 K after  
implantat ion  with 20-25 keVAg or In ions, trap concent ra t ions  be ing 
twice as large as in se l f - imp lanted  samples. Therefore,  the defect  
observed by PAC at about 1100 K is l ike ly  to be a re lat ive ly  small  
vacancy cluster,  too. 
In fig. 2 we give some vacancy conf igurat ions  that are cons is tent  
with the observed quadrupo le  f requenc ies  (~J0) , asymmetry  parameters  
(B), and or ientat ions  (<...>) of the defect  symmetry axis. In the 
case of IVs re laxat ion  of the impur i ty  atom over 0.3 LU along the 
<001> d i rect ion  has to be assumed. 
2. Re~ult~ of THDS measurements 
A (100) s ingle crysta l  of W was implanted with 5 keV and 25 keV 
Ag and In ions, at doses ranging from 2x1012/cm 2 to 2•  2 . The 
sample was annealed by increas ing the temperature  to a value T a at 
a rate of 40 K/s, and subsequent ly  in jected with 250 eV He ions. De- 
fects bind He atoms with character i s t i c  energ ies  which were determined  
by mon i to r ing  the He re lease dur ing the l inear heat ing.  From the num- 
ber of He atoms desorb ing in a cer ta in  peak in format ion was obta ined 
about the trap concentrat ion .  A survey of the THDS method is given in 
ref. [3]. The equ ipment  used for the exper iments  in this study is 
descr ibed in ref. [41 . 
Some typica l  he l ium desorpt ion  spectra for Ag E are shown in fig. 
3. D i f fe rent  peaks are c lear ly  v is ib le.  The peaks A-C cor respond to 
He atoms re leas ing  from subst i tu t iona l  Ag atoms ( in ters t i t ia l - type 
traps). He atoms are bound to vacancy- type  traps with much h igher  
b ind ing energ ies  (>2.5 ev in W) . Release of these He atoms gives r ise 
to peaks G-H. In fig. 4 the re lat ive  concent ra t ions  of the two c lasses  
of traps are shown as a funct ion of the anneal ing  temperature.  
For the In implanted samples no in ters t i t ia l - type  traps were ob- 
served, which impl ies that subst i tu t iona l  In atoms do not bind He atoms 
at 300 K. We not ice  that for the samples implanted with 5 keV (20 keV) 
Ag ions an apprec iab le  number  of in ters t i t ia l - type  traps is present  
only af ter  annea l ing  at 850 K (1350 K). This seems to cont rad ic t  the 
PAC resu l ts  which ind icate  a near ly  100% subst i tu t iona l  f ract ion of 
Ag and In atoms immediate ly  after  implantat ion.  
3. Model ca lcu .s  
A s imulat ion  of the b inary  co l l i s ion  cascade fo l lowing implan- 
tat ion was per formed us ing the programme MARLOWE [5]. Radial  vacancy 
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Fig. 3. Helium desorption spectra of (i00) W implanted with 2• 2 of 5 keV 
Ag ions, annealed at the indicated temperatures, and subsequently injected with 
3• 2 Of 250 eV He ions. Heating rate was 40 K/s. 
Fig. 4. Relative concentrations of vacancy-type (0) and interstitial type (+) 
traps in (I00) W implanted with 2xl012/cm 2 Ag or In ions. 
d i s t r ibut ions  around the implanted  atom were ca lcu la ted  for 25 keV 
ions imping ing on (100) W at 10 ~ and 0 ~ wi th  respect  to the [001] 
rect ion.  The number  of imp lantat ion  events  was l im i ted  to 20 in eac 
case. The f ract ion  of the formed Frenke l  pa i rs  (FP) that  wi l l  spon- 
taneous ly  recombine  depend s t rong ly  on the recombinat ion  d is tance.  
In the case of I-3 keV nob le  gas imp lantat ion  of Mo, Hou et al. [6] 
found that  for an FP recombinat ion  d is tance  of 3.7 LU and a d isp lac 
ment  energy  of 33 eV ca lcu la ted  vacancy  concent ra t ions  were in agx 
ment  with exper imenta l ly  observed  values.  We used parameter  value~ 
40 eV and 3.7 LU, respect ive ly ,  in our ca lcu la t ions  for W, the resul ts  
of wh ich  are shown in fig. 5. 
A Monte  Car lo  approach  was app l ied  to es t imate  the f ract ion  of 
near  vacanc ies  migrat ing  towards  the implant  dur ing  ear ly  stage II1 
Only  vacanc ies  w i th in  a sphere  with rad ius  of 4 LU were cons idered .  
A jump probab i l i ty  of 1/8 was assumed for each <111> d i rect ion .  Foz 
each non-equ iva lent  la t t i ce  po int  the fate of 2000 vacanc ies  was fc 
lowed. The vacancy  was cons idered  to be t rapped once it had jumped 
a f i rs t  or second ne ighbour  pos i t ion  w i th  respect  the the impur i ty .  
The vacancy  was cons idered  to be lost  for short  range capture  once 
it had migrated  more  than 4 LU f rom the trap. We found that  56% of 
the vacanc ies  s tar t ing  f rom less than 2 LU were  t rapped af ter  about 
jumps, and that  8% of the vacanc ies  s tar t ing  f rom 2 to 4 LU were 
t rapped a f ter  about  13 jumps. The ca lcu la ted  f rac t ions  of In atoms 
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Fig. 5. Radial vacancy distributions 
for 25 keV In ions implanted into (I00) 
W. Dashed line: implantation in channel 
direction. Full line: implantation lO ~ 
off the [001] channel. 
assoc ia ted  with 0, I and 2 extra vacanc ies  in ear ly  stage III are 40%, 
30% and 15%, compai r ing  fa i r ly  wel l  wi th the exper imenta l  PAC va lues  
30%, 20% and 7% (In) and 50%, 15% and 6% (Ag), respect ive ly .  
4. Discuss io~ 
The most  s t r ik ing  d i f fe rence  in the resu l ts  of the two app l ied  
methods  is that PAC shows a large subst i tu t iona l  f ract ion  in 
as - imp lanted  samples,  where v i r tua l ly  no subst i tu t iona l  atoms are 
seen by THDS. Apparent ly  no He atoms are t rapped at subst i tu t iona l  
Ag atoms because  these are e f fec t ive ly  sh ie lded  by nearby  vacanc ies .  
In the case of subst i tu t iona l  In atoms, the b ind ing  energy is too 
small  to cause t rapp ing  at room temperature .  
Us ing  the observed  annea l ing  temperature  T a = 550(10) K at which 
vacancy  t rapp ing  is observed  by PAC, the t ime At = 15 min dur ing  
which the sample was annealed,  the ca lcu la ted  number  of vacancy  
jumps n = 5-13 requ i red  for  shor t - range capture,  and the jump fre-  
quency  ~o = 4 -4•  der ived  f rom the data  g iven in ref. [7], we 
ca lcu la te  the monovacancy  migrat ion  entha lpy  H~V = kT a in (\~oAt/n) 
1.71(5) eV. 
The defect  in W observed  by PAC at h igher  temperatures  may be 
the same as the one suggested  by Weid inger  et al. [8] for In - imp lan-  
ted Mo. In the lat ter  case the impur i ty  a tom was assumed to be sur- 
rounded by a near ly  te t rahedra l  c lus ter  of 4 vacanc ies .  However ,  
symmetry  and magn i tude  of the e lect r i c  f ie ld  grad ient  tensor  are 
a lso cons is tent  wi th  the conf igurat ion  InVs. 
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